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Preface

Both Geological Survey of Japan (GSJ) and United States Geological Survey (USGS)
have been leading the paleoseismological research in each country. After the 1995 Kobe
earthquake, GSJ has expanded its researchers and funding for the paleoseismology
program, particularly for trenching surveys of active faults. USGS recently started
BAYPEX program, in which active faults in the Bay Area will be studied in detail. Both
institutions have been collaborating on paleoseismological research across the Pacific.
For example, geological evidence in Washington and Oregon postulated a giant
earthquake along the Cascadia Subduction Zone about 300 years ago. From tsunami
damage recorded in Japanese historical documents, the date of the earthquake is known
as January 26, 1700.

GSJ and USGS recently started the Twin Institute Program on earthquake research
supported by Agency of Industrial Science and Technology, Ministry of International
Trade and Industry of Japan. As a part of this activity, International Workshop on
Paleoseismology was held at Geological Survey of Japan, Tsukuba, on March 15, 1999.
Ten oral presentations and sixteen poster presentations with brief oral introductions
were made at the workshop. The workshop was preceded by a five-day field-trip to visit
the 1891 Nobi earthquake fault system including the trench site at Umehara and
Itoshigawa-Shizuoka tectonic line. Stimulus discussions on various problem were made
in the field.

This proceedings volume of the workshop is compiled in order to document the
workshop, record the presentations. It is hoped that the data and ideas presented here
would be useful for future collaboration. We need to identify common problems and
create a joint research program under the Twin Institute Program. The workshop was
merely a first step for future collaboration of both geological surveys.

Kenji Satake, Geological Survey of Japan
Dave Schwartz, United States Geological Survey



Program of Workshop on Paleoseismology
(15 th March, 1999 at GSJ, Tsukuba)

9:20-9:30 Opening
9:30-10:00 Yuuichi Sugiyama(GSJ)
" Recent Progress in Earthquake Potential Evaluation of Main Active
Faults in the Kinki Triangle"
10:00-10:30 Yasuo Awata(GSJ)
" Behavioral Segments and Their Cascades for Earthquake Occurrence
in the 85-km-long Arima-Takatsuki-Rokko Fault Zone, Central Japan"
10:30-11:00 Koji Okumura(Hirosima Univ.)
" Paleoseismology of the fastest-moving onshore fault in Japan "

( coffee break : 11:00-11:10)

11:10-11:40 Steve Personius(USGS, Denver)
" Paleoearthquake Recurrence in the Rio Grande Rift near Albuquerque,
New Mexico "

11:40-12:10 Thomas Fumal(USGS, Menlo Park)
" The paleoseismic record of the San Andreas fault in southern
California: Implications for fault segmentation models "

( lunch time : 12:10-13:30)

13:30-14:00 Brian Atwater(USGS, Seattle)
"Earthquake Recurrence and Probabilities at Cascadia”
14:00-14:30 Alan Nelson(USGS, Denver)
"Multiple large earthquakes in the past 1500 years on a fault in
Metropolitan Manila, The Philippines "
14:30-15:00 David Yamaguchi(Xylometric Co.)
"The 1700 Cascedia Earthquake: Tree-ring Data Processing, A Progress
Report and Opportunities for Continuing Japan-US Collaboration"
15:00-15:10 Short Comments for the Posters

( coffee break : 15:10-15:30)
15:30-16:15 Yoshihiro Kinugasa(GSJ)
"On and Off Fault Paleoseismology"

16:15-17:00 David Schwartz(USGS Menlo Park)
"Paleoseismology: Challenges for the 21st Century"

ii



10.

11.

12.

13.

14.

15.

16.

(Posters)

Paleoseismology and Activity Study of the Hinagu Fault System, Southwest Japan

K. Shimokawa, Y. Kinugasa, T. Tanaka
Characteristics of a Behavioral Fault Segment in the Western Coast of Northeast
Japan Deduced From the Height Change of Former Shoreline

T. Azuma, Y. Awata
Recent Progress in Earthquake Potential Evaluation of Main Active Faults in the
Kinki Triangle

Y. Sugiyama
Behavioral Segments and Their Cascades for Earthquake Occurrence in the 85-km-
long Arima-Takatsuki-Rokko Fault Zone, Central Japan

Y. Awata, A. Sangawa, Y. Sugiyama
Susunayskaya Lowland Fault in South Sakhalin Revealed by A Trenching Study: A
preliminary report

Y. Kariya, R. Bulgakov, K. Shimokawa
Geologic Evidence for Five Large Earthquakes on the North Anatolian Fault at
Ilgaz, During the Last two Millennia

T. Sugai, O. Emre, T. Y. Duman, T. Yoshioka, I. Kushu
Structure and paleoseismology of the Kongo fault system in Nara Prefecture

K. Satake, T. Sugai, A. Sangawa, M. Yanagida, H. Yokota, T. Iwasaki, M. Omata,

A. Ishikawa
High-resolution Multi-proxy Analyses and Dating of Lake Deposits Affected by
Recent Faulting Event: a Case Study of Lake Suwa on the Itoigawa-Shizuoka
Tectonic Line (ISTL), Central Japan

K. Okumura, K. Saito, H. Fukuzawa, K. Mizuno, O. Fujiwara
Sedimentary systems and earthquake events? confined by active faults: a case of the
western Biwako fault system in the Hira-Adogawa region, Shiga prefecture, central
Japan.

F. Nanayama, H. Mizuno, T. Komatsubara
Sedimentary characteristics of tsunami deposits from the 1993 Hokkaido Nansei-
oki tsunami, northern Japan.

F. Nanayama, K. Satake, K. Shimokawa
Most recent event constraints and interpretations from initial paleoseismic study
along the Hurricane fault, southwestern USA

H. Stenner
AMS 14C Dating of a 7300-year Earthquake History from an Oregon Coastal Lake

A. R. Nelson
Deformation of Quaternary Deposits and Ground Surface Caused by Bedrock Fault
Movements -Trenching Studies and Model Experiments-

K. Ueta, K. Tani, N. Onizuka, T. Kato, K. Maruyama
Recent surface-faulting events along the southern part of the Itoigawa-Shizuoka
Tectonic Line

S. Toda, D. Miura, S. Abe, K. Miyakoshi, D. Inoue
Faulting Processes of the 1955 Futatsui Earthquake (M=5.5), Akita Prefecture,
inferred from pre- and co- seismic elevation changes

T. Komatsubara, Y. Awata
Subaqueous sand blow deposits induced by the 1995 Southern Hyogo Prefecture
earthquake, Japan

A. Kitamura, E. Tominaga, H. Sakai

ii



Preface ........................................................................... i
Program .......................................................................... 1

Progress in evaluating earthquake potential of major active faults in the Kinki
Triangle
YUiChi Sugiyama ................................................. 1

Behavioral segments and their cascades for the earthquake occurrence in the
Japanese surface ruptures
Yasuo Awata ooooooooooooooooooooooooooooooooooooooooooooooooooooo 10

Paleoseismology of the Itoigawa-Shizuoka tectonic line active fault system in
central Japan
KO_]I Okumura .................................................... 18

Paleoearthquake recurrence in the Rio Grande rift near Albuquerque, New Mexico,
USA
Stephen F. Personius oooooooooooooooooooooooooooooooooooooooooooooo 26

Implications of paleoseismicity for rupture behavior of the south-central San
Andreas Fault
Thomas E_ Fumal and Gordon G‘ SCitZ ------------------------------- 33

Earthquake recurrence on the Washington part of the Cascadia subduction zone
Brian F Atwater .................................................. 45

Multiple large earthquakes in the past 1500 years on a fault in metropolitan Manila,
The Philippines
Alan R. Nelson, Stephen E. Personius, Rolly E. Rimando,Raymundo S.
Punongbayan, Norman Tuifigol, Hannah Mirabueno and Ariel Rasdas *«««+--- 47

The 1700 Cascadia earthquake: Tree-ring data processing, a progress report, and
opportunities for continuing Japan-US collaboration
DaVid YamagUChi ................................................ 53

On/off fault paleoseismology
Yoshihiro Kinugasa <= ccccoeeeererrteenrtciiitttiiiiteiiiiitiinns 58

Paleoseismology and activity study of the Hinagu Fault System, Southwest Japan
Koichi Shimokawa, Yoshihiro Kinugasaand Takenobu Tanaka =+« 2-- 59

Characteristics of a behavioral fault segment in the western coast of Northeast
Japan deduced from the height change of former shoreline
Takashl Azuma and Yasuo Awata ..................................... 62

v



Susunayskaya lowland fault in south Sakhalin revealed by a trenching study: A
preliminary report

Yoshihiko Kariya, Rustam F. Bulgakov and Koichi Shimokawa «+«««scc*+--

Geologic evidence for five large earthquakes on the north Anatolian fault at Ilgaz,
during the last 2000 years -- a result of GSJ - MTA international cooperative
research --

Toshihiko Sugai, Omer Emre, Tamer Y. Duman, Toshikazu Yoshioka and

Ismall KUSCU ....................................................

Structure and paleoseismology of the Kongo fault system in Nara Prefecture
Kenji Satake, Toshihiko Sugai, Akira Sangawa, Makoto Yanagida, Hiroshi

Yokota, Takaaki Iwasaki, Masashi Omata and Akira Ishikawa <+ ecceeves

Sedimentary systems and earthquake events? confined by active faults : a case of
the western Biwako fault system in the Hira-Adogawa region, Shiga prefecture,
central Japan

Futoshi Nanayama, Kiyohide Mizuno and Taku Komatsubara <=+t ce««-

Sedimentary characteristics of recent tsunami deposits from the 1993 Hokkaido
nansei-oki tsunami, northern Japan

Futoshi Nanayama, Koichi Shimokawa, Kenji Satake and Kiyoyuki Shigeno -

Most recent paleoearthquake constraints and slip rates for a portion of the
Hurricane fault, southwestern USA

Heidi D. Stenner, William R. Lund and Philip A. Pearthree «+«+ccccccevee-

Deformation of Quaternary deposits and ground surface caused by bedrock fault
movements -Trenching studies and model experiments-
Keiichi Ueta, Kazuo Tani, Nobuhiro Onizuka, Takahiro Kato and Katsuyuki

Maruyama .....................................................

Recent surface-faulting events along the southern part of the Itoigawa-Shizuoka
Tectonic Line, central Japan
Shinji Toda, Daisuke Miura, Shintaro Abe, Katsuyoshi Miyakoshi and Daiei

Faulting processes of the 1955 Futatsui Earthquake (M=5.9) , Akita Prefecture,
inferred from pre- and coseismic elevation changes

Taku Komatsubara and Yasuo Awata ooooooooooooooooooooooooooooooooo

Subaqueous sand blow deposits induced by the 1995 Southern Hyogo Prefecture
(Kobe) earthquake, Japan

Akihisa Kitamura, Eiji Tominaga and Hideo Sakai+ s+ s cereecorcece.

82



Progress in evaluating earthquake potential of
major active faults in the Kinki Triangle

Yuichi Sugiyama
Geological Survey of Japan

sugiyama@gsj.go.jp

National Survey of Active Faults in Japan

After the 1995 Kobe earthquake, the Science and Technology Agency (STA) and
the Geological Survey of Japan (GSJ) began systematic study of major active faults
throughout Japan. It was hoped that the study would yield long-term earthquake
forecasts, and that these forecasts would help to reduce losses from future earthquakes.

The study targets ninety-eight faults or fault systems (Fig. 1). These faults were
selected because they meet one or more of the following criteria: (1) average slip rate
greater than 0.1 m per thousand years; (2) length at least 20 km; and (3) location in a
densely populated area.

Under this program, STA has granted over one billion yen ($8 million) annually
to prefectural governments and big cities. These local entities use the funds for study
of active faults within areas they administer.

GSJ has spent about 0.3 billion yen (about $2.5 million) annually for active fault
studies since the Kobe earthquake. We at GSJ use these funds to evaluate regional
seismic hazards, fault interaction, and individual faults believed especially hazardous.

By the year 1999, some 80 percent of the 98 targeted faults will have been studied
by GSJ or by local governments that receive STA funds.

Overview of GSJ Study of Active Faults in the Kinki Triangle

GSJ chose the Kinki Triangle as its first target for regional study of seismic
hazards. The triangle, bounded to the south by the Median Tectonic Line, contains
large cities as Kobe, Osaka, Kyoto, and Nagoya. It is home to some 25 million people
and a lot of active faults as well. Twenty-two of the 98 nationally targeted faults are

within the Kinki Triangle.



GSJ has now obtained data on the time of the most recent rupture along over 13 of
these 22 faults. We have also clarified which of these faults are probably responsible
for four earthquakes revealed by old documents between the 1300's and 1600's.

Progress has been slower, however, in obtaining reliable estimates of recurrence
intervals. Such estimates are now available for less than half of the studied faults.

We hope to improve this situation in the next few years.

Examples of Findings from the Northern Part of the Kinki Triangle

Our work in the Kinki Triangle included attempts to learn which faults ruptured
during two earthquakes known from documents: the 1325 Shochu and 1662 Kanbun
events. The main candidates for the 1325 Shochu are the south part of the Yanagase
fault; a conjugate structure called the south Tsuruga fault; and the Daguchi fault, which
adjoins the south Tsuruga fault (Fig. 2).

Documents provide some guidance about location of the 1325 earthquake. They
state that the earthquake damaged a shrine in Tsuruga City. In addition, they show that
the earthquake caused landslides on an island in northern Lake Biwa and at a small
town in mountains north of Lake Biwa.

Our trench survey on the south Tsuruga fault in 1997 shows that the last rupture
on this fault occurred between late 1100's and the 1300's. We estiamted the average
recurrence interval at 2500 to 4000 years on the basis of 0.5-0.6 m/ky average vertical
slip rate and 1.5-2.0 m vertical displacement associated with the last event (Sugiyama et
al., 1998). Accordingly, the south Tsuruga fault may have a low probability of
producing a big earthquake in the next 100 years.

As for the south Yanagase fault, two trenches 4 km apart gave very different
results. While one showed the fault last rupturing 600-700 years ago, the other
provided no evidence of rupture more recent than 7000 years ago (Yoshioka et al.,
1998b). So the south Yanagase fault is believed to divide into two behavioral
segments at a slight bend between the two trench sites, although theirb recurrence
intervals are still unknown.

A 1998 trench across the Daguchi fault showed that it ruptured after the 1325
earthquake and before or during the 1662 earthquake.



Contagious and Multiple Ruptures in the Northern Kinki Triangle

From these results we infer that the 1325 and 1662 earthquakes were part of a
serial, contagious rupture of active faults in the Kinki Triangle. It is difficult, however,
to use paleoseismic evidence to distinguish among individual events in such a series.

Much of the difficulty is due to uncertainties in dating.  As is usually the case in
paleoseismology, serial earthquakes as much as centuries apart can give overlapping
ages.

A further problem is the temptation to shoehorn paleoearthquakes into historical
earthquake catalogs. This practice is risky not only because the geologic dating is
uncertain but also because the catalogs may be incomplete, particularly for times of

civil unrest in Japan. The 1325 event occurred during such an era.

Multiple Ruptures During the 1586 Tensho Earthquake

The Tensho earthquake of 1586, which caused severe damage in both the Hida
district and Nobi Plain (Fig. 3), probably resulted from some combination of rupture on
the Miboro, Atera, and Yoro-Kuwana fault systems.

The earthquake has been ascribed by Tsuneishi (1980) and Usami (1996) to
rupture on the Miboro fault system (Fig. 4) because the shaking caused severe damage
along this fault. Our trenching in 1990 showed that the fault last ruptured after 1100.

The latest rupture on the Atera fault system was correlated to the Tensho
earthquake by Central Research Institute of Electric Power Industry (Toda et al., 1995).

GSJ array boring of the Yoro-Kuwana fault system showed that this fault system
also ruptured after 1300 (Sugai et al., 1998). Because the nearby Nobi area was
severely damaged by the 1586 Tensho earthquake, the earthquake probably caused this
rupture on the Yoro-Kuwana fault system. The array boring also showed that the
penultimate rupture on this fault system postdates 600; this rupture may represent a
documented earthquake in 745.

The average recurrence interval of the Yoro-Kuwana fault in the Holocene is
estimated at 1000 to 2000 years on the basis of array boring and seismic reflection data
(Sugai et al., 1998). But if the penultimate rupture occurred in 745, the interval
between the two most recent ruptures becomes only about 800 years. Vertical
displacement during both ruptures was nearly the same, about 6 m. I therefore
speculate that the fault produces characteristic earthquakes at irregular intervals.

According to historical documents, the Tensho earthquake may comprise two

events about a day apart. Perhaps rupture of Miboro and Atera faults caused
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premature rupture of the Yoro-Kuwana fault system. Such induced rupture may

contribute to irregularity of recurrence intervals.

Long Elapsed Times, Unmeasured Recurrence Intervals, and Plans for Osaka

Some active faults in the Kinki Triangle have now gone thousands of years
without rupturing (Fig. 5). For the north segment of the fault system along the west
side of Lake Biwa, this elapsed time exceeds 2500 years (Komatsubara et al., 1998).
For the south Hanaore fault near Kyoto, the elapsed time is 1300-2500 years (Yoshioka
et al., 1998a).

Reliable estimates of recurrence intervals are available for less than half the active
faults in the Kinki Triangle.

GSJ has plans to focus on earthquake hazards at Osaka. The paleoseismic
targets there include the Uemachi fault system, which runs through the city, and the
Osaka Bay fault.
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Figure 1. Location of the 98 active faults for the national

survey (Earthquake Research Committee, 1998).
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149,
Figure 3. Estimated areas of seismic intesity 6 and 7 for the 1586 Tensho
earthquake (Iida, 1987). Intensity 6 on the JMA scale is close to intensity
9 or 10 on the Modified Mercalli scale.
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Behavioral segments and their cascades for the earthquake
occurrence in the Japanese surface ruptures

Yasuo Awata
Geological Survey of Japan

awata@gsj.go.jp

1. Introduction

Estimation of the probable earthquake magnitude using the paleoseismic data is
based on two principle models of fault behavior; characteristic faulting model for the
behavioral segments and cascade model for the earthquake segments.

Along a behavioral segment (McCalpin, 1996) or at a site on the segment, the
displacement has occurred repeatedly with almost same recurrence interval and same
amount of displacement (e.g. Schwartz and Coppersmith, 1984; 1986). I term this
behavior of segments " the characteristic faulting model ". The displacement per event
is the only evidence taken from each site on a segment to estimate the size of paleo-
faulting event. If we accept the existence of persistent segments and the scaling laws
among the fault parameters; length, width and slip per event, the displacement per event
is a primary set of data to estimate the size of the behavioral segment.

A single behavioral segment can rupture in an earthquake. On the other hand,
adjacent two or more segments can simultaneously rupture in a single earthquake.

This behavior for the earthquake occurrence is termed "the cascade model” (W.G.C.E.P.,
1995). In this model, it is assumed that each time a segment ruptures, whether alone or
with others, it slips about the same amount. However, the length of the earthquake
segment also has a relation with the displacement per event (e.g. Matsuda et al., 1980,
Bonilla et al., 1984; Wells and Coppersmith, 1994).

In this paper, I analyze the relationships among the behavioral segment length,

" earthquake segment length and maximum displacement of the surface ruptures on land
in Japan. The relations are the keys to quantify the size of probable earthquake using

the geologic and paleoseismic data.



2. Segmentation of surface faults

Sixteen earthquakes have generated surface faultings on land in Japan since the
1891 Nobi earthquake. Some of the surface ruptures associated with each earthquake
are subdivided into more than one behavioral segment based on its timing of paleo-
faultings, slip rate, displacement per event and sense of faulting. Table 1 lists the
parameters of 15 earthquake segments and its behavioral segments. The surface
ruptures associated with the 1923 Kanto earthquake is excepted from Table 1, because
the main faulting occurred offshore the Kanto district, central Japan. Four examples of
the segmentation of earthquake segments, which are mainly based on the timings of the
paleo-faultings, are described as follows;

1891 Nobi earthquake segment: The 1891 Nobi earthquake (M 8.0) associated
an 80-km-long left-lateral surface rupture system. The system is subdivided in to three
behavioral segments based on its timing of characteristic faulting, long-term activity,
distribution of displacement and fault geometry. The Neodani behavioral segment in
the central portion of the system is traced for 31 km and has been ruptured every 2,700
years during the Holocene (Awata et al., 1998). On the other hand, the Umehara
behavioral segment in the southeast of the system has ruptured only one time since
11,500 years B.P. (Awata and Nelson, 1999; in preparation communication). The
northwestern Nukumi behavioral segment is less active and has a smaller displacement
per event than the Neodani segment.

1896 Rikuu earthquake segment: Associated with the 1896 Rikuu earthquake
(M 7.2), two behavioral segments of reverse fault were ruptured. On the western foot
of the Ou Mountains, 36-km-long Senya behavioral segment appeared. The
penultimate event on the Senya segment occurred about 3,500 years B.P. ago (Research
Group for the Senya Fault, 1986). On the eastern foot of the mountains, the
Kawafune behavioral segment ruptured for 9-14 km. The 1896 rupture is the only one
faulting event on the Kawafune fault since 5,600 years B.P. (Oyama et al., 1991).

1930 Kita-Izu earthquake segment: The 1930 Kitaizu earthquake (M 7.3) shows
a complicated fault strands. The Tanna behavioral segment of 15-km-long has an
average recurrence interval of 700-1,000 years during the Holocene (Tanna Fault
Trenching Research Group, 1983). However, the Himenoyu segment of 19-km-long,
which is located on the south of the Tanna segment, has an interval of 3,000-4,600 years
(Tsukuda and Yamazaki, 1984; Mizuno, 1988).

1945 Mikawa earthquake segment: The 1945 Mikawa earthquake (M 6.8)

ruptured two behavioral segments. The Yokosuka behavioral segment has generated



only one faulting event since 54,000 years B.P. (Sone et al., 1990). However, the
penultimate event of the Fukozu behavioral segment occurred 20,000-30,000 years B.P.
(Ueta et al., 1998).

3. Scaling laws for the behavioral segment and earthquake segment
Fig. 1 shows the relations between the maximum displacements and the lengths of

earthquake segments and behavioral segments for the Japanese surface ruptures listed in
Table 1. Each relation shows a good correlation. The relation between the maximum
displacements and the behavioral segments can be approximated as,

Ly i=4.9xD,,, (1
where L, ., represents a behavioral segment length (in kilometer) and D,,,, represents a
maximum displacement per event (in meter). Scaling law for the behavioral segments
is expressed as

L, g=9-0xD, ., (2)

where L, ., represents a earthquake segment length (in kilometer).

4. Discussion

The Japanese inland surface ruptures are well explained using the characteristic
faulting and cascade models, and scaling law of the behavioral and earthquake segments.
These models and empirical relations are applicable to make a segmentation of the
active faults, and to estimate the probable earthquake magnitude in a fault system or a
region in Japan. In this application, the most commonly used paleoseismic data is the
displacement per event. However, it is hard to measure the maximum displacement
through the paleoseismic investigations, because it occurs infrequently in a segment.

In case of the 1995 Hyogo-ken Nanbu (Kobe) earthquake, the maximum
displacement of 2.5 m occurred at a central location in the behavioral segment. The
most frequently observed displacements were 1.6+0.2m for the reliable data, which
were measured along the two thirds portion of the whole segment (Fig. 2; Awata et al.,
1996). The average displacement of all the measurements including underevaluated
displacements is about one-half of the maximum displacement, and a little smaller than
the mode displacement. In the Gomura behavioral segment of the 1927 Kita-Tango
earthquake, the maximum displacement was 3.8 m at one site, and frequently measured

displacements were 2.0 m (Okada and Matsuda, 1997).



Accordingly, relationship between the maximum displacement and the mode

displacement may be
D= ~3/2-2)x D

mode

where D, is the mode displacement of a segment, in meter. The paleoseismic

mode
measurements of displacement are more likely to be the mode displacement of the
segment than to be the maximum displacement. Hence, the regressions among the
behavioral segment length, earthquake segment length and displacement per event are
transformed into

Lyge= ~(3/4=1)x 10 X Dy, 3)
Lo, = ~(32-2)x10x D, @)

e-seg

Both lengths of the behavioral and earthquake segments are functions of the
maximum displacement. Therefore, the ratio (cascade ratio) of an earthquake segment
length to the length of the longest behavioral segment in the earthquake segment, 1.8 to
1, is applicable to estimate the cascades for probable earthquakes. The number of
behavioral segments in an earthquake segment (cascade number) varies from 1 to 3 and
the average is 1.5. This cascade number may also be used for the evaluation of
cascades.

Wells and Coppersmith (1994) analyzed the worldwide data of the surface
ruptures and calculated the regression of earthquake segment length (surface rupture

length) versus maximum displacement; that is

log D, =-1.38 + 1.02 x log L, (5
from which it followed that
Le_Seg =24.0xD,,0%. 6)

The regressive length of the earthquake segment on a maximum displacement for the
worldwide surface rupture is two to three times as large as that for Japanese inland
surface ruptures. The scaling laws of the size of faulting parameters, cascade ratio and

cascade number may be functions of tectonic setting, faulting-type and slip rate.
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Paleoseismology of the Itoigawa-Shizuoka tectonic line
active fault system in central Japan

Koji Okumura
Hiroshima University

kojiok @ipc.hiroshima-u.ac.jp

The middle part of the Itoigawa-Shizuoka Tectonic Line active fault system
(Middle ISTL) is a cluster of active faults that extends NW-SE for 50 km from
Matsumoto to Kobuchizawa in central Japan (Figs. 1 and 2). The Middle ISTL is
characterized by high average slip-rate reaching 8 to 10 mm/yr during the Late
Pleistocene and Holocene (Ikeda and Yonekura, 1986; Fujimori, 1991). This is one of
the highest slip-rate active faults reported from onshore in Japan. Empirical relation
between slip-rate and recurrence time indicates that the Middle ISTL may rupture more
than once a thousand year. The previously known recurrence time estimates of 3500
to 5000 years (Research Group for Ito-Shizu Tectonic Line Active Faults, 1988; Togo et
al., 1988) were significantly longer than the expected recurrence time. The last
faulting event on the Middle ISTL most likely occurred in 841or 762 AD according to
historic record and paleoseismological works (Usami, 1996; Matsuda, 1998). Since
the elapsed time is 1158 or 1236 years, the estimation of recurrence time is critical to
evaluate the potential of next earthquake.

In order to know the history of recent faulting events, Okumura et al. (1993)
excavated the Gofukuji fault, the northernmost segment of the Middle ISTL at
Namiyanagi, south of Matsumoto. Investigation of 6 trenches, 3 test pits and
topography around the trenches brought following results. The ages of three most
recent faulting events are 445-1386 AD, 150-334 AD, and 839-189 BC. The
recurrence time is between 111 and 1236 years. Assuming the correlation of the last
event with the 841 AD event, the recurrence time is estimated to be 339 to 1173 years.
Average recurrence interval in this case ranges 515 to 840 years. The elapsed time of
711 to 1152 years is probably longer than the recurrence time. The average slip rate of
the fault since c.a. 6000 BC is 9.4 ~ 4.5 mm/yr left-lateral. The left-lateral coseismic
slip during the last event is estimated as 7.5 ~ 1.5m. The results from the other two

trenches on the Gofukuji fault (Namiyanagi: Okumura and Tsukuda, 1995; Nakayama:



Okumura et al., 1998a) agreed very well with that of the Namiyanagi trench (Fig. 3:
Okumura et al., 1993).

Beside the Middle ISTL, the fault system north of Matsumoto (Northern ISTL)
consists of east dipping reverse faults along the east foot of the Hida range to form a
narrow N-S tectonic depression (Figs. 1 and 2). In 1995 and 1996, Okumura et al.
(1998) opened three exploratory trenches in the northern ISTL. The Hakuba trench on
the Kamishiro fault brought four earthquake events since 6738 BP (in calendar year)
with the average recurrence interval for the three recent events to be between 1000 and
1800 years. The last event here postdates 1538 BP. The Omachi trench exposed the
last event after 6th to 7th century AD and before 12th century at the latest. Only one
event after 3rd to 4th century AD was identified in the Ikeda trench. The timing of the
last event from each trench is between 500 and 1500 BP, whose interval coincides with
the timing of the last event in the middle section as well as the 841 AD or 762 AD
earthquake reported in historical documents. The dating of the upper age limit of the
last event is not precise enough to correlate the event with any of known earthquakes.
The recurrence interval of the northern section, however, is significantly longer than
that of the Gofukuji fault, but is much shorter than that in the middle section
except for the Gofukuji fault. The regional difference in the recurrence time is
concordant with the difference in the slip rate (Fig. 4).

The results from over 10 trenches considerably revealed the rupture history of the
ISTL. The rupture history of the North and Middle ISTL is one of the best examples
of paleoseismological works in Japan, and the results lead to the first official evaluation
of long-term seismic risks in Japan announced by the federal government in 1996 as
well as the first attempt on probagilistic seismic hazard assessment in Japan (Kumamoto,
1998). However, the precision and reliability of time-constraints are not enough.
Trenching study in the areas of utter human modification should have certain limitation.
In order to push this limitation further, Saito et al. (1998) and Okumura et al. (1998b)
tried to extract fine data from the lake deposits of Suwa Lake on the Middle ISTL.

The idea and the interim results are as follows after Okumura et al. (1998b).

Disturbance of water-laid deposits and anomalous sedimentation such as
liquefaction, mixed-layer, slump structure, and turbidite are usually taken as evidence of
severe shaking from to a nearby fault. Those shaking records, however, cannot be
regarded as evidence of faulting events on a particular structure in case there are a
number of earthquake sources that may generate ground motion strong enough to

disturb the deposits. In this situation, if we are to study an tectonic lake bounded by



syndepositional faults, there are chances to distinguish proximal faulting events from
distal ones using the abrupt deepening as a signature of faulting by the lake. If the
tectonic lake has a stable level of outlet altitude and maintains very shallow (just a few
meters) depth over a several recurrence period, the lake deposits would be very sensitive
to faulting events. Suwa lake in Central Japan is an ideal field to test this idea. The
lake is located in a pull-apart basin formed by left-lateral strike-slip faulting of the ISTL.
A pair of NW-SE strike normal faults bounds the rectangular lake-basin from
surrounding mountains. The basin-fill sediments conceals another pair of the NW-SE
graben-forming faults inside the basin. The basin is divided into three tectonic blocks,
and the middle block in the graben has been subsided at 2.5 mm/yr on average over
100,000 years. However, very shallow depth of water and stable level of outlet have
been maintained at least during these 10,000 years.

We drilled 3 pairs of boreholes in respective three tectonic blocks as deep as
around 30m to penetrate Holocene sediments. In each pair of boreholes, 2 to 3 m long
cores by thin-wall tube sampler overlapping by 50 cm are hauled switching from one to
another borehole. This method ruled out the possibility of loss and contamination of
the both ends of cores. Lithological analyses using soft X-ray photographs indicate
normal accumulation of diatomaceous clay is interrupted by scattering clastic particle
accompanying siderite concentration and bioturbation in more than 10 levels in each
core. The clastic particle may indicate turbidite-like sedimentation caused by shaking.
High-resolution chemical and physical analysis were carried out 5 cm interval on bulk
density, magnetic susceptibility, quartz content, diagenetic mineral assemblage, total
sulfur, organic carbon, and L*-a*-b* space color spectrum. Among them, a* value
distinctively shows abrupt decrease and gradual increase repeatedly. The decrease well
coincides with increase of total sulfur and decrease of organic carbon. These
parameters indicate sudden change from oxidizing to deoxidizing condition and slow
recovery that corresponds with sudden deepening and slow shallowing of the lake depth
in order of a few meters.

The average recurrence time of deepening event is about 1000 years in this single
core and is much shorter than that previously estimated 3000 to 5000 year faulting
recurrence time on shore in trenches (Fig. 4). Comparison of deepening history among
the three cores is under way and it may indicate differential rupture history of the fault
strands in the basin. This information will be crucial constraints on the

paleoseismology of the ISTL.
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Figure 1. Active faults and large historic earthquakes in central Japan. ~After Reserach
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geologic structure formed during Miocene.
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Paleoearthquake recurrence in the Rio Grande rift near
Albuquerque, New Mexico, USA
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The purpose of this research is to obtain geologic information useful for seismic-
hazard evaluations in the Albuquerque Basin, a prominent structure of the Rio Grande
rift in central New Mexico, USA. The Rio Grande rift is part of the Basin and Range
physiographic province, a broad region of primarily extensional faulting in the western
United States. In northern New Mexico and southern Colorado, the rift consists of
linked basins or half grabens formed by normal faulting that began in the late Oligocene,
culminated in the middle to late Miocene, and continues intermittently to the present
(Chapin and Cather, 1994). The rift takes its name from the Rio Grande, a large river
system that flows from southern Colorado through the rift to the Gulf of Mexico.

Seismic-hazard studies of regions of low to moderate seismicity commonly rely
on geologic (paleoseismic) studies to provide long-term information on slip rate and
paleoearthquake recurrence. Paleoseismic studies of Quaternary faults are especially
important in areas such as the Rio Grande rift, where recurrence intervals between large
earthquakes commonly exceed the length of the historical seismic record. The
historical record of seismicity of the Albuquerque Basin (1849-present) is typical of
much of the Intermountain West in showing little association between patterns of
diffuse seismicity and mapped Quaternary faults; no earthquakes larger than M, 5.5
have been recorded in the last 150 years in this region (Northrop, 1976, 1982; House
and Hartse, 1995).

Despite the lack of damaging historical earthquakes, the presence of more than 25
Quaternary faults in the Albuquerque region (Fig. 1) attest to the occurrence of large,
surface-rupturing earthquakes. Faults near Albuquerque can be grouped as (1) rift-
margin normal faults that form the steep western flanks of the Sandia, Manzanita, and
Manzano Mountains, (2) a larger group of intrabasin normal faults that offset the floor

of the Albuquerque Basin, and (3) a few poorly exposed transverse structures that may



allow accommodation between zones of differing fault polarity (Hawley, 1996;
Machette, 1998). The most prominent transverse structure, the Tijeras-Cafioncito fault
system, may be part of an accommodation zone that divides the Albuquerque Basin into
an east-tilted domain to the north and a west-tilted domain to the south (Russell and
Snelson, 1994).

At least five faults in the Albuquerque area have been active in the late
Pleistocene or Holocene (Fig. 1). However, most faults shown on Figure 1 have not
been studied in any detail, so several other faults in the area probably have been active
in the late Quaternary. In addition, the conspicuous lack of Quaternary faults in the
central portion of Figure 1 may be an artifact of preservation—this area is heavily
urbanized and is partly underlain by Holocene alluvium of the Rio Grande and Tijeras
Arroyo. Trench investigations have been conducted on four faults near Albuquerque
(Fig. 1) and only three of these studies, East Paradise, County Dump, and Hubbell
Spring fault zones (summarized below), yield data on paleoearthquake recurrence and
slip per event.

Exposures of the intrabasin East Paradise fault zone were examined by the author
in a house excavation in western Albuquerque in 1996. These exposures revealed a
sequence of middle Pleistocene alluvial and eolian deposits vertically displaced 2.75 m
across a down-to-the-west fault zone. The prefaulting deposits were overlain by two
deposits of scarp colluvium and eolian sand that probably were deposited in response to
two surface-faulting events. Both fault-related deposits are faulted and fractured,
indicating that at least one additional surface-faulting event has occurred at this site.
Unfortunately, stratigraphic evidence for the third event was removed during
construction. Thermoluminescence (TL) dating of the two preserved fault-related
deposits yield ages of 208 + 25 ka and 75 + 7 ka for the two older faulting events. The
youngest event is undated, but the lack of recognizable fault scarps along most of the
fault trace suggests this event probably did not occur in the Holocene (Fig. 2A). Pre-
fault stratigraphic reconstructions suggest vertical displacements of about 1 m, 0.5 m,
and 1.25 m, respectively, for the last three surface-faulting events on the East Paradise
fault zone.

A series of trenches on the intrabasin County Dump fault excavated in 1996 by
J.P. McCalpin revealed one of the longest paleoseismic records of normal faulting in the
western United States (McCalpin, 1997; Machette et al., 1998; McCalpin et al., in
press). These excavations exposed as many as 13 buried soils and associated sandy

colluvial deposits, cumulatively displaced about 20 m across the County Dump fault.



If each soil represents burial after a surface-faulting event, then vertical surface
displacements have averaged about 1.4 m during the middle and late Pleistocene.
Approximate ages based on accumulation rates of calcium carbonate in the buried soils
suggest average recurrence intervals of about 40 + 48 ka; if two anomalous intervals (4
ka and 200 ka) are excluded, recurrence estimates are about 30 = 11 ka (McCalpin,
1997; Machette et al., 1998; McCalpin et al., in press).

A third set of paleoseismic data was obtained from a trench across an 8-m-high
scarp on the Hubbell Spring fault excavated by the author in 1997. The Hubbell
Spring fault lies several kilometers westward of the steep flank of the Manzano
Mountains, but probably represents the active margin of the Rio Grande rift in this part
of the Albuquerque Basin. The trench exposed a complex fault zone and three mixed
deposits of scarp colluvium and eolian sand that probably were deposited in response to
individual surface-faulting events. Preliminary TL ages on these deposits suggest that
the last three surface-faulting events on the Hubbell Spring fault occurred about 70 ka,
20 ka, and 10 ka (Fig. 2B). Vertical displacements during these events are difficult to
determine, but probably were 1.5-1.6 m per event.

From the limited paleoseismic data discussed above, Quaternary faults in the
Albuquerque area have low rates of slip and long recurrence intervals. Rift margin
faults, such as the Hubbell Spring fault, are more active than the intrabasin faults such
as the East Paradise and County Dump faults, but limited trench data indicate wide
variations in slip rate and paleoearthquake recurrence intervals for most faults near
Albuquerque (Table 1). However, average vertical displacements of 1-2 m and
probable fault rupture lengths of 10-40 km indicate rare prehistoric earthquakes as large
as moment magnitude 6.8-7.0 (Wells and Coppersmith, 1994). The inconsistency
between historic and prehistoric seismicity is typical of the Basin and Range province in
the western United States. The large number of faults in this area call for more
paleoseismic data to better quantify seismic hazards in the Albuquerque metropolitan

arca.
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Table 1. Estimated ranges of slip rates and recurrence intervals of surface-

rupturing earthquakes on Quaternary faults near Albuquerque, New Mexico.

Fault type Recurrence Intervals Slip Rates

(ka) (mm/yr)

Basin margin faults 10-50 0.02-0.2
Intrabasin faults 10-200 0.004-0.05
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(S. F. Personius, unpublished data, 1999): (A) East Paradise fault zone, and (B) Hubbell

Spring fault.
colluvial deposits that closely post-date surface-faulting events;
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ages on calcic soil rinds on clasts in alluvial gravels that predate the oldest event.

Most dates are based on thermoluminescence (TL) ages on sandy

2 sigma errors are 10-

The two oldest ages from Hubbell Spring fault (90 ka and 245 ka) are U-series

The

older of these two ages is more consistent with extensive soil development in these
deposits, so the 90 ka age is probably too young. Displacement errors are difficult to

quantify, but probably are at least + 0.25 m.
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The most recent large earthquake on the south-central portion of the San Andreas
fault was the 1857 Fort Tejon earthquake (M=7.9) (Fig. 1). The southern termination
of this rupture, just to the southeast of Wrightwood, has been used by the Working
Group on California Earthquake Probabilities (1988, 1995) to define the boundary
between the Mojave and San Bernardino segments of the fault. However, a growing
body of paleoseisnic data indicates that the 1857 termination point is the exception
rather than the rule. In fact, the paleoseismic evidence does not support the existence
of a persistent barrier to rupture anywhere along the fault within about 25 km of
Wrightwood.

Three paleoseismic sites with long records of large earthquakes are located along
this portion of the fault: Pallett Creek (Sieh,1978, 1984; Sieh et al., 1989, Salyards et al.,
1992), Wrightwood (Weldon, 1991; Fumal et al., 1993), and Pitman Canyon (Seitz et
al., 1997; Seitz and Weldon, 1994a, 1994b). The depositional setting at each of
these locations has favored rapid accumulation of debris flow and/or fluvial sediments
and the formation of many thin peat layers, resulting in stratigraphy that is excellent for
recording and dating paleoearthquakes (Fig. 2). Multiple lines of evidence have been
used to recognize earthquake horizons at these sites, including upward termination of
ruptures, formation of scarps and scarp-derived colluvium, ground fissures, liquefaction
features, and folding (Fig. 3a, 3b).

A key to the high-resolution dating of paleoearthquakes at these sites is the
abundance of peat horizons. At Wrightwood, for example, nearly every contact
between successive clastic deposits is a thin peat layer (Fig. 2). These peats are
excellent materials for radiocarbon dating because the organic fraction consists
primarily of plant matter that has accumulated in place, usually over a few decades.

More than 50 samples of peat from Wrightwood have been dated using three different



radiocarbon laboratories. The results of these measurements give an excellent,
stratigraphically consistent chronology of peat accumulation at this site (Fig. 4).

The pretreatment procedure used is a critical factor in obtaining accurate dates for
peat. Prior to 1997, all of the samples from each of the sites were pretreated using an
acid wash only (AO: Beta,QL ) or an acid wash/weak, short duration alkali wash/acid
wash (AWA:USGS). Recently, we submitted additional samples from Wrightwood
and from Pitman Canyon to Beta Analytic Inc. Results for these samples were
inconsistent with dates previously obtained for the same peat layers (Fig. 5). More
importantly, the dates were stratigraphically inconsistent: dates for samples in the upper
part of the section were much older than dates for samples in the lower part. We
discovered that these samples had been pretreated using acid wash/strong alkali
wash/acid wash (AAA), and we attribute the inconsistent dates to this pretreatment
procedure.

The organic matter in the peats consists of three fractions (Fig. 6). Fulvic acid
and humic acid form in situ by the chemical and biological decomposition of the
original plant matter. The third fraction, humin or the fine residual fraction, includes
wood, charcoal and cellulose, all of which can have a detrital origin. In an
environment free from contamination all three fractions have the same age and the
pretreatment method is not critical. But normally, the organic fractions are
contaminated to some extent by both younger and older material, and the goal of
pretreatment is to concentrate that fraction which is closest to the true age of the layer.
Fulvic acid is the most mobile fraction and the most subject to younger contamination.
This fraction is routinely removed by a weak acid wash (Fig. 6). Humic acids in
solution can circulate through the groundwater, but only if the pH is greater than 2. It
does not appear that humic acids are mobile to any significant extent at Wrightwood or
the AO/AWA dates would not show the stratigraphic consistency observed.

Removal of this fraction by AAA pretreatment (Fig. 6) concentrates detrital wood,
charcoal, and cellulose. Thus, samples from a part of the section containing reworked
organic matter can give dates that are too old (Fig. 5). Nearly all of the peats at
Wrightwood contain roots that have penetrated from the overlying peat. These roots
are close in age to the peat which they contaminate and have only a small (5-10 years)
effect on the age of samples that are pretreated with AO or AWA. However, when the
humic acids are removed with the more aggressive AAA pretreatment, the younger root
cellulose makes up a more significant portion of the sample. Thus, samples from those

parts of the section that have little or no detrital carbon can give dates which are too



young (Fig. 5). We plan further investigations into the most appropriate pretreatment
for the peat samples at these sites. It may well be that isolation of the humic acid
(alkali soluble) fraction alone may give the most accurate dates.

Laboratory radiocarbon dates for each site were dendrochronologically calibrated
(Stuiver and Reimer, 1993). Peat layer dates were then refined using new applications
of Bayesian statistical techniques; for Wrightwood and Pallett Creek the method of
Biasi and Weldon was used (Biasi and Weldon, 1994a, b) while for Pitman Canyon, the
OxCal program was used (Bronk Ramsey,1995, see also OxCal website). These
techniques make use of dates of historic earthquakes, stratigraphic ordering, and peat
accumulation rate to reduce layer-date distribution variance (Fig. 7) and allow better
constrained age estimates. Prehistoric earthquake dates are obtained by calculating the
probability distribution of the time interval between the bounding layer-date
distributions.

Peat has been accumulating almost continuously at each site for at least the past
several thousand years as water tables have remained high until about the turn of this
century. Clastic sedimentation is essentially instantaneous and a small amount of time
is unrecorded due the lag between sedimentation and colonization by plants. Peat
accumulation rates average about 0.5mm/yr at each of the sites, but alternate between
episodes of faster or slower rates (Fig. 8). These episodes, or peat accumulation stages,
correlate very well between Wrightwood and Pallett Creek but the transitions occur
earlier at Pitman Canyon. We believe that the peat accumulation rates are climatically
controlled, being higher during relatively wet times and slower during drier times.
Changes in rate occur earlier at Pitman Canyon either because it is below a critical
elevation or perhaps because it faces SW rather than NE as the other sites do. The
similarity in the peat accumulation rate curves at the three sites gives us increased
confidence that the radiocarbon dates are reliable.

Refined earthquake-date distributions for the past 1000 years are shown for each
site in Fig. 9. Overlap of these distributions suggests likely correlation of events
between sites, but dating resolution is insufficient to prove such correlations for
prehistoric earthquakes. If the distributions at adjacent sites do not overlap, we can be
reasonably certain that the rupture stopped somewhere between the two sites. Rupture
length is known only for the 1857 AD earthquake. Comparison of these results
suggests that even with the exceptional stratigraphy and high-resolution dating at these
sites, the paleoseismic record at a particular site may be incomplete. For example,

Event T at Pallett Creek is likely the same earthquake as EV 6 at Pitman Canyon (Fig.



9). If so, this earthquake is not recognized at Wrightwood. This was apparently a dry
period at Wrightwood: peat accumulation rate was low and essentially no clastic
sediment was deposited. Hence, it is not surprising that an earthquake rupture during
this period might not be preserved as a discrete event. Similarly, WES at Wrightwood
apparently does not correspond to any event at Pallett Creek or Pitman Canyon. If our
interpretation of the evidence for this event horizon and our dating of this event are
correct, then either this earthquake rupture was short (<50km) or it is unrecognized at
one or both of the other sites. It may be the same as EV4 or EVS5 at Pitman Canyon if
the event dating is incorrect at either or both sites.

Keeping in mind these uncertainties in event correlation, completeness of the
paleoseismic record, and event dating, a possible pattern of earthquake ruptures on the
south-central San Andreas fault may be emerging from the paleoseismic data. It
appears that large earthquakes rupturing through all three sites, such as 1812 AD,
alternate with earthquakes that rupture into the region from the northwest or southeast,
such as 1857 AD or event WE3/EV2. This latter earthquake may be the same as the
most recent event reported at Indio on the Coachella Valley segment (Sieh, 1986).

The paleoseismic records from these three closely spaced sites allow re-evaluation
of the fault segmentation model proposed by the Working Group on California
Earthquake Probabilities. The 1857 earthquake rupture stopped somewhere between
Wrightwood and Pitman Canyon (Weldon and Sieh, 1985). This led the Working
Group to place the Mojave/San Bernardino segment boundary between these two
locations. But wherever this rupture stopped, it cannot be a persistent barrier to fault
rupture as it appears likely that no more than one other earthquake in the past 1000
years also terminated between Wrightwood and Pitman Canyon (WES). It does not
appear that a strong boundary exists between Wrightwood and Pallett Creek either, as
large earthquakes frequently appear to rupture through this portion of the fault. The
paleoseismic evidence suggests that there is no persistent segment boundary anywhere

between Pallett Creek and Pitman Canyon.
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